SUMMARY
INTRODUCTION

CD4
+ T cells play a central role in orchestrating adaptive immune responses. Naive CD4 + T cells are activated in draining lymph nodes (dLNs) by cognate antigen-loaded dendritic cells (DCs) where they differentiate into one of several lineages of helper T cell subsets, such as T helper type 1 (Th1), Th2, Th17, T follicular helper (Tfh), and induced T regulatory (iTreg) cells (Zhu et al., 2010) . For example, Th1 cells secrete interleukin-2 (IL-2), interferon-g (IFN-g), and tumor necrosis factor-a (TNF-a) and promote cellular immune responses mainly to intracellular pathogens and tumors. Differentiation into a particular helper subset is guided by extrinsic cytokine cues that induce lineage-specifying transcription factors. Although the cytokines and transcription factors that control this process are relatively well understood, far less is known about how this process is temporally and spatially orchestrated within dLNs in vivo, where it initially takes shape. CD4 + T cells require persistent antigen throughout their expansion to differentiate (Obst et al., 2005) . Multiple successive phases of T cell priming have been described based on dynamic interactions between T cells and DCs in dLNs (Mempel et al., 2004; Miller et al., 2004) . First, T cells sporadically interact with DCs, leading to an initial increase in T cell activation. Subsequently, T cells undergo sustained interactions with DCs, which are probably required to induce T helper cell differentiation. Diminished contact stability at this time leads to reduction in IFN-g production in settings where Th1 cells are induced (Hugues, 2010) . Finally, repeated engagements of DCs by the daughters of newly activated CD4 + T cells may also be required to optimally differentiate into IFN-g-producing Th1 cells (Celli et al., 2005; Itano et al., 2003) . The migration of priming T cells to different LN compartments during antigenic priming may expose T cells to different types of antigen-presenting cells (APCs) and provide them with unique differentiation cues. For instance, activated migratory and LNresident DCs localize to different dLN regions, including the deep and the superficial paracortex, as well as the interfollicular T cell zones and medullary regions (Hickman et al., 2008; Itano et al., 2003; Tang and Cyster, 1999) . In the course of this antigenic priming, T cells may redistribute to these peripheral regions of the LN, and once there may be exposed to other APC types or cytokine cues than those present in the deep paracortex (Hickman et al., 2008) .
The induction of chemokine receptors is intertwined with CD4 + T cell differentiation. The differentiation of a particular helper subset instructs the upregulation of a specific set of homing receptors, which guide effector cells out of the lymphoid compartment and into otherwise restricted peripheral sites of inflammation (Bromley et al., 2008) . How chemokines participate in the process of Th cell differentiation is not known but there are two likely possibilities. First, DCs may use chemokines to promote encounters with antigen-specific T cells (Friedman et al., 2006; Molon et al., 2005) . Second, chemokines expressed in specific LN regions may influence more globally the intranodal positioning of priming T cells to particular microenvironments, to bring these cells in contact with the appropriate APCs or accessory cells important for their differentiation (Tang and Cyster, 1999) .
CXCR3 is the receptor for the interferon-inducible chemokines CXCL9 (MIG), CXCL10 (IP-10), and CXCL11 (I-TAC). CXCR3 expression on activated T cells is important for the amplification of IFN-g-dependent recruitment into peripheral sites of infection and autoimmune responses (Groom and Luster, 2011a) . However, CXCR3 ligands are also expressed in dLNs during Th1 cell differentiation (Martín-Fontecha et al., 2004; Yoneyama et al., 2002) .
We sought to determine the role of CXCR3 receptor-ligand interactions in CD4 + T cell differentiation in dLNs by using two models of CD4 + T cell priming to address the potential roles for this chemokine system described above: promoting DC-T cell interactions and intranodal positioning of T cells. The first model examined interactions of DCs and CD4 + T cells in the LN that induce Th1 cell polarization. In this model, antigen-pulsed DCs were injected subcutaneously into the footpad of mice from where they migrate into dLNs and interact with cognate antigen-specific T cells (Ingulli et al., 1997; Miller et al., 2004 ). The second model examined the global positioning of CD4 + T cell in the reactive LN required for optimal Th1 cell generation. Here, soluble antigen was introduced into peripheral tissue to mimic the physiological delivery of antigen to LNs via the lymph, where both migratory and resident DCs may influence T cell priming. To characterize chemokine expression in the dLNs, we developed a transgenic (Tg) mouse that reports the expression of both CXCL9 and CXCL10, called REX3 (reporting the expression of CXCR3 ligands). By using these in vivo models of immunization and REX3 Tg mice, we found that the CXCR3 system regulated the local interactions of antigen-specific CD4 + T cell with cognate antigen-loaded DCs in the LN, as well as the global intranodal positioning of CD4 + T cells after antigen-induced activation, both of which contribute to Th1 cell differentiation.
RESULTS
Rapid Upregulation of CXCR3 in CD4
+ T Cells Correlates with IFN-g Production To study the in vivo development of Th1 cells, we first outlined the kinetics of CXCR3 upregulation by antigen-specific CD4 + T cells in LNs by using a controlled activated LN reaction (Figure 1A) . Expanded DCs were pulsed with ovalbumin (OVA) protein activated with lipopolysaccharide (LPS) and poly(I:C) ( Figure S1B Figure S1 .) CD62L blocking antibody was given 2 hr after OT-II cell transfer and every 24 hr. At times indicated, dLNs (popliteal) and non-dLNs (bracial) were harvested to assess T cell activation.
(B-E) Time course of (B) cell numbers and of (C) CD44 and (D, E) CXCR3 cell surface induction on transferred OT-II cells.
(F and G) Correlation between IFN-g + cells and CXCR3 mean fluorescence intensity (MFI). Data are representative of three independent experiments (n = 4-6).
Error bars denote SEM.
synchronize T cell activation by inhibiting further entry into dLNs (Mempel et al., 2004) . After T cell transfer, the dLNs were harvested and OT-II cells were assessed for accumulation, proliferation, and expression of CD44 and CXCR3. Although slower than CD44 upregulation, the initially low CXCR3 expression was upregulated within 24 hr after T cell transfer, prior to T cell proliferation ( Figures 1B-1E ). After the first cycles of proliferation, CXCR3 + cells peaked, with the majority of OT-II cells expressing CXCR3 ( Figures 1D and 1E ). The frequency of CXCR3 + cells then decreased slightly but remained above 50% throughout the activated LN reaction prior to cells leaving the LN (Figures 1B and  1D ). IFN-g production peaked in this model at 60 hr (Figures S1D and S1E) . At this time, cells producing IFN-g had a higher mean fluorescence intensity (MFI) of CXCR3 expression than did cells that failed to produce cytokine, and cells expressing CXCR3 were more likely to be IFN-g producers (Figures 1F and 1G) . Thus, CXCR3 is upregulated and remains high on antigen-specific T cells in dLNs and correlates with their production of IFN-g.
CXCR3 Is
Required for Optimal Th1 Cell-Associated Cytokine Production and Activation of OT-II Cells CXCR3 and its ligands play an important role in the trafficking of effector Th1 CD4 + cells into inflamed peripheral tissues.
However, CXCR3 is upregulated in dLNs well before T cell egress ( Figure 1 ). Whether CXCR3 also influences the generation of Th1 cells is unknown. To investigate this, we cotransferred WT and Cxcr3 À/À OT-II cells after DC injection. At 60 hr after T cell transfer, the frequency of IFN-g-producing Cxcr3 À/À OT-II cells was reduced by $50% compared to WT OT-II cells (Figures 2A and 2B) . A less pronounced but significant reduction was observed for IL-2 and TNF-a. Because no difference was seen in the overall numbers of WT and Cxcr3 À/À cells in the dLN, this decrease in cytokine-producing cells translated into a decrease in the total number of polyfunctional (cells producing IL-2, TNF-a, and IFN-g) OT-II cells ( Figure 2C ). Cxcr3 À/À OT-II cells also displayed markedly lower surface activation markers CD25, CD40L (CD152), and CD69 than did cotransferred WT OT-II cells ( Figure 2D Figure 2E ). To ensure that differences in IFN-g + production by Cxcr3 À/À OT-II cells
were not due to differences in their egress from dLNs into peripheral tissues (Yoneyama et al., 2002) , mice were either left untreated, treated with CD62L blocking antibody as above, or treated with both CD62L antibody and FTY720, which induces the sequestration of T cells in lymphoid organs by modulating S1P 1 and inhibiting LN T cell egress (Matloubian et al., 2004) . Neither blocking T cell egress nor allowing continued T cell entry into dLNs altered the decrease in effector cytokine production seen in Cxcr3 À/À cells compared to WT OT-II cells ( Figure 2F ).
Finally, we performed a kinetic experiment of IFN-g production.
Although the maximum frequency of IFN-g-producing cells varied throughout analysis ( Figures S1D and S1E ), at each time point cotransferred Cxcr3 À/À cells demonstrated a similar decrease in IFN-g production compared to WT OT-II cells (Figure 2G) . Collectively, these data show that CXCR3 expression is important for optimizing Th1 CD4 + cell responses. This effect was not observed in vitro and was not related to proliferation, different kinetics of IFN-g expression, or early egress of Cxcr3
T cells from LNs.
Both CXCR3 Ligands Are Induced in dLNs during Th1 Cell Differentiation
Given the role for CXCR3 on CD4 + T cells during their differentiation to Th1 effector cells, we investigated the expression of CXCR3 ligands during inflammatory LN reactions. We focused on the CXCR3 ligands CXCL9 and CXCL10, because the third CXCR3 ligand, CXCL11, is not expressed in C57BL/6 mice at the protein level as demonstrated by immunoblot (Figures S3A and S3B) as a result of a frame shift mutation (Sierro et al., 2007) . To examine the expression of CXCR3 ligands at times relevant to Th1 cell differentiation, we first examined the upregulation of Cxcl9 and Cxcl10 by RNA analysis of whole draining and nondraining LNs during our activated DC transfer LN model. Both ligands were highly upregulated in dLNs, whereas they remained minimally expressed in non-dLNs ( Figures S3C and S3D ).
CXCL10 Expression by Antigen-Presenting DCs Is
Important for Th1 Cell Differentiation CXCL9 and CXCL10 have been observed in various models to display overlapping as well as unique functions (Groom and Luster, 2011b) . In this regard, it has been unclear which, if any, of the CXCR3 ligands is the major contributor toward promotion of Th1 cell differentiation. Expanded WT, Cxcl9 DCs, we determined that these cells were capable of migrating to dLNs and facilitating the early upregulation of CD25 on OT-II cells in vivo and inducing IFN-g production in vitro to the same degree as WT and Cxcl9 À/À DCs ( Figures S3E-S3G ).
Generation of REX3 Transgenic Mice
Although RNA analysis of whole dLNs (Figures S3C and S3D) established that CXCL9 and CXCL10 are expressed at times relevant to Th1 cell differentiation in vivo, it offered little information on the precise timing, location, and cell types expressing these ligands. Therefore, we generated a reporter mouse in which spectrally distinct fluorescent reporter proteins ( by cells producing it and not dispersed throughout the LN ( Figure S3M ).
Chemokine-Expressing DCs Display Increased Activation
To visualize the expression of CXCL9 and CXCL10 by transferred, antigen-presenting DCs throughout the inflamed LN model, REX3 Tg DCs were pulsed with antigen, activated, and CMFDA labeled prior to subcutaneous footpad injections into WT mice. CMFDA + DCs were then tracked to assess reporter expression ( Figure 3D ). The majority of transferred DCs expressed both CXCL9-RFP and CXCL10-BFP within 12 hr of T cell transfer. In addition, smaller populations of CXCL10-BFP single expressers and double-negative DCs were detected, but single-positive CXCL9-RFP DCs were never observed. The frequency of cells in each of these populations remained stable throughout the time course ( Figure 3D ). We assessed whether there were any activation differences between DCs expressing REX3 + FPs and those without expression. Although no difference was seen in expression of major histocompatibility complex (MHC) class II between these populations, REX3
++ DCs (dually expressing CXCL9-RFP and CXCL10-BFP) had increased expression of the activation markers CD40 and CD86 compared to DCs without reporter expression ( Figure 3E ). Thus, identifying chemokine reporter cells allowed us to observe that both CXCL9 and CXCL10 are expressed by DCs at times relevant to Th1 cell differentiation and that this expression correlates with increased activation of APCs.
Cxcr3
-/-OT-II Cells Display Altered Behavior in dLNs during CD4 + T Cell Priming
In vitro, production of CXCR3 ligands by DCs enhances their ability to attract T cells (Padovan et al., 2002) . We therefore tested whether this might be relevant in vivo. The use of multiphoton microscopy (MP-IVM) has revealed that the duration of T cell-DC interactions correlates with efficient T cell priming and IFN-g production (Hugues, 2010 Figures 3F and 3H ). However, although WT cells were almost uniformly engaged in stable contacts, as reflected by low migratory velocity, low confinement ratio, and high arrest coefficients ( Figure 3G ), a 3-to 4-fold larger fraction ($30%) of Cxcr3 À/À cells compared to WT cells failed to form long-lasting interactions ( Figure 3G ). Even 24 hr after transfer, when both T cell populations had resumed motile behavior, Cxcr3 À/À OT-II cells were less confined in their migration ( Figure S4 ). Analysis of the contacts of T cells with CXCL10-BFP-expressing DCs showed that the majority of Cxcr3 À/À OT-II cells did not visibly engage with these cells (Figures 3H and 3I ). When the length of short-lived DC-T cell interactions was assessed, contact times of Cxcr3 À/À OT-II cells with REX3 + DCs were indeed shorter than those of WT OT-II cells ( Figures 3F, 3H, and 3I) . Combined, data generated by transfer of antigen-pulsed DCs established that Cxcr3 À/À CD4 + cells cannot maximally differentiate into IFN-g + Th1 cells, which correlated with their reduced ability to interact with CXCL10-expressing antigen-presenting DCs.
Immunization Requires CXCR3 for Optimal Th1 Cell Differentiation Thus far, our results addressed the requirement for CXCR3 ligands produced by CD11b + antigen-presenting DCs in the dLN; however, CXCL9 and CXCL10 are expressed by multiple hematopoietic and stromal cells residing within dLNs (Gattass et al., 1994; Martín-Fontecha et al., 2004) . We therefore investigated whether chemokines produced by these cells were also important for optimal Th1 cell responses, reasoning that immunization with soluble antigen may correlate more with vaccination strategies than the transfer of antigen-pulsed DCs. For these studies, naive host mice were immunized with OVA protein with LPS and poly(I:C) subcutaneously. After 24 hr, mice were cotransferred with naive WT and Cxcr3 À/À OT-II cells, which
were assessed for the production of IFN-g and TNF-a 60 hr after T cell transfer ( Figure 4A ). As seen with transferred antigenpulsed DCs (Figure 2 ), after immunization with soluble antigen, CXCR3 ligand-receptor interactions were required for optimal differentiation of OT-II cells toward a Th1 cell phenotype ( Figures  4B-4D ). We next used REX3 Tg mice as hosts in this model to identify the pattern of expression of CXCL9 and CXCL10 in dLNs. In unimmunized REX3 Tg mice, popliteal LNs showed little expression of either CXCL9-RFP or CXCL10-BFP ( Figure 4E ). However, during the inflamed LN reaction, expression was greatly increased, peaking at 24-36 hr after T cell transfer, before declining again at 60 hr ( Figure 4F) . Surprisingly, although some double-positive staining was observed, it appeared that CXCL9 and CXCL10 had strikingly different expression patterns. CXCL10 was primarily expressed in the LN medulla, the site into which the most of the lymph and lymph-borne antigens drain. Meanwhile, the strongest CXCL9-RFP expression was seen in interfollicular areas. These areas serve as transit corridors for lymphocytes migrating into and out of T cell areas and are also areas where T cells may survey DCs. In contrast, only scattered single-and dual-expressing cells for each chemokine were seen in the T cell zone where T cell-DC interactions are traditionally thought to occur ( Figure 4F ; Ingulli et al., 1997; Tang and Cyster, 1999) . During the time course undertaken, there was minimal expression of either CXCR3 ligand inside B cell follicles (Figure 4F ). These expression data from the REX3 Tg mice suggest the development of dramatic chemokine gradients in different regions of dLNs after immunization.
Nonredundant Roles for CXCL9 and CXCL10 in Th1 Cell Differentiation after Immunization
To investigate the patterns of chemokine expression further, we examined BM chimeras with REX3 Tg BM being transferred into irradiated WT hosts or vice versa. Strikingly, the majority of CXCL10-BFP expression was in the BM-derived hematopoietic compartment ( Figure 5A ). In contrast, CXCL9-RFP was predominantly expressed by the radio-resistant stromal cells located in the interfollicular and medulla areas of the dLN ( Figure 5B ). We next assessed the role of each chemokine in CD4 + T cell responses by using ligand-deficient mice after immunization. Surprisingly, both CXCL9 and CXCL10 were nonredundantly required for optimal Th1 cell differentiation after immunization ( Figures 5C and 5D ). This was in contrast to the DC transfer model, where only CXCL10-expressing antigen-pulsed DCs were required for maximal Th1 cell differentiation ( Figures 3A  and 3B ). To determine which compartment was primarily required for maximum induction of Th1 cell differentiation, given the difference in expression of CXCL9 and CXCL10 seen in REX3 Tg BM chimeras, we immunized BM chimeric mice generated with WT, Cxcl9 Figure 5F ). These data correlate with the expression data ( Figures 5A and 5B) and demonstrate that CXCL10 produced by the hematopoietic compartment is critical, and both CXCL9 and CXCL10 produced by stromal cells are important.
CXCL9 and CXCL10 Gradients Promote Peripheralization of T Cells in the LN
Because the majority of chemokine-expressing cells were located peripheral to the T cell zone, we asked whether, after immunization, antigen-specific CD4 + T cells migrate out of the T cell zone toward these areas in a CXCR3-dependent manner. We therefore investigated the intranodal location of WT and Cxcr3 À/À OT-II cells in the T cell zone, interfollicular zone surrounding B cell follicles, or in the LN medulla (as described in Figure S5 ) before and after immunization. In unimmunized mice receiving either WT or Cxcr3 À/À OT-II cells, transferred cells were predominantly located in the T cell zone ( Figure 6A ). In immunized hosts, 24-36 hr after T cell transfer, WT cells were located in the interfollicular and medulla regions, whereas the majority of Cxcr3 À/À OT-II cells remained in the T cell zone (Figure 6A) , and Cxcl10 À/À hosts ( Figures 6D and 6E) . At 24-36 hr after T cell transfer into immunized hosts, WT OT-II cells in WT hosts migrated from the T cell zone into the peripheral regions of the dLN ( Figures 6D and 6E) . However, WT OT-II cells transferred into Cxcl9 À/À hosts remained in the T cell zone, but showed some migration toward the medullary region, where predominantly CXCL10 was induced ( Figures 6D, 6E , and 4F). WT OT-II cells transferred into Cxcl10 À/À hosts also remained in the T cell zone, but conversely showed some migration toward the interfollicular areas of the dLN, where predominantly CXCL9 was induced ( Figures 6D, 6E , and 4F). Combined, these data highlight the importance of intranodal migration during Th1 cell responses and the requirement for CXCR3 ligands, expressed by hematopoietic and stromal cells, in directing movement of T cells out of the T cell zone of dLNs for maximal Th1 cell differentiation.
CXCR3 Receptor-Ligand Interactions Promote Th1 Cell Differentiation in Response to Viral Infection
Although the DC transfer and immunization protocols outlined above allow for the discrimination of factors important for the differentiation of Th1 cells during a synchronized T cell response, it remained to be determined whether these mechanisms are relevant during a response to an intracellular pathogen, such as lymphocytic choriomeningitis virus (LCMV), that induces a strong Th1 cell-type immune response (Varga and Welsh, 2000) . To address this, we evaluated the endogenous antigenspecific CD4 + T cell response in WT, Cxcl9
À/À mice at the peak of acute LCMV infection. T cells responding to the dominant CD4 + T cell epitope for LCMV were detected with MHC II-restricted gp66 tetramers ( Figure 7A ; Moon et al., 2011; Oxenius et al., 1995) . 
Rag1
À/À mice. Again, Cxcr3 À/À antigen-specific CD4 + T cells displayed a reduced frequency of IFN-g production, compared to WT cells in the same hosts ( Figures 7D and 7E) . Together, these data validate our immunization models, indicating that CXCR3 receptor-ligand interactions optimizes Th1 cell differentiation during a response to a natural infectious pathogen.
DISCUSSION
The differentiation of naive CD4 + T cells into Th cell subsets in LNs draining sites of infection and inflammation determines the type (e.g., Th1, Th2, Th17) of immune response that a pathogen or foreign antigen will elicit. We chose to study the CXCR3 chemokine system in Th1 cell development because of all the chemokine receptors, CXCR3 is most associated with Th1 cells (Groom and Luster, 2011a) . Expression of CXCR3 by newly activated CD4 + T cells correlated with their ability to produce IFN-g and was required for optimal effector cytokine responses. Our chemokine-expressing DCs, we have shown that they have higher expression of the activation markers CD86 and CD40. Signaling through CD40 has been shown to increase the expression of CXCL10 by DCs, and CD40L is increased on CXCR3-expressing T cells, indicating that this chemokine pathway may be important for the licensing of DCs during CD4 + T cell priming (Quezada et al., 2004) . Alternatively, the upregulation of CXCL10 may be through the production of type I and/or type II IFNs produced by antigen-presenting DCs themselves, transferred T cells, or by accessory cells, such as NK cells or pDCs, required for CD4 + Th1 cell effector differentiation (CervantesBarragan et al., 2012; Martín-Fontecha et al., 2004) . We have shown that this chemokine-dependent loop between priming CD4
+ T cells and antigen-presenting DCs leads to differences in the intranodal behavior of CXCR3-competent and Cxcr3-deficient T cells during the second phase of T cell priming, which is important for T cell IFN-g production (Hugues, 2010) . Cxcr3 À/À OT-II cells formed fewer and shorter interactions with CXCL10 + (REX3 + ) DCs, indicating that CXCL10-dependent tethering is important for T cell outcome. Interestingly, this difference appeared to occur prior to the massive upregulation of CXCR3 surface on WT OT-II cells, suggesting either that initial upregulation of CXCR3 was not detected by flow cytometry because of receptor internalization or that the low basal expression of CXCR3 expression by naive WT cells was important for this phenotype (Rabin et al., 1999) . Along with increasing the tethering of DCs to T cells, CXCL10-CXCR3 interactions may also increase synapse formation, facilitating productive communication between these cells (Friedman et al., 2006; Molon et al., 2005) . CXCR3 has been shown to be upregulated in vitro during the differentiation of multiple CD4 + T cell lineages (Rabin et al., 2003; Sallusto et al., 1998) ; therefore, it may be that CXCR3 is required for all CD4 + effector T cells, or that generation of other Th cell subsets have unique spatial requirements in the reactive LN that are controlled by other chemokine systems. Our study has also established the concept that the location of T cells within the LN is important for specific Th cell polarization and that intranodal positioning of T cells is controlled, at least in part, by intranodal chemokine gradients. We found that CD4 present in the subcapsular sinus (SCS) and the interfollicular and medulla regions of dLNs efficiently trap antigen after lymph-borne viral challenge (Hickman et al., 2008; Iannacone et al., 2010) . Importantly, loss of these macrophages results in reduced type I IFN production, suggesting a potential stimulus for CXCL9 and CXCL10 production after infection (Iannacone et al., 2010) . Therefore, CXCR3 upregulation by recently activated T cells allows them to move to areas where they are poised to interact with antigen-presenting SCS macrophages or DC subsets, potentially providing T cells increased antigen stimulation and/or unique cytokine signals (Hickman et al., 2008) .
Several studies have indicated the importance for CD8 + T cells to leave the T cell zone and migrate into peripheral LN areas to interact with pathogen-loaded APCs (Hickman et al., 2008) . Our study has expanded on these findings indicating that this process of intranodal relocation is also important for the development of Th1 CD4 + cells. In addition, we now have shown that this movement is regulated by the ligands for CXCR3, and with the REX3 Tg mouse, we have identified the location and cell types expressing the chemokines responsible for this redistribution. Thus, our data suggest that the CXCR3 chemokine system is a key mediator of T cell peripheralization in the reactive LN after infection and immunization. Because CXCL10 is induced by TLRs and type I interferon, our data offer an explanation for why pathogen-activated macrophages and DCs in the LN periphery produce CXCL10 leading to the subsequent peripheralization of T cells. Further, as has been demonstrated in peripheral tissue (Groom and Luster, 2011a; Nakanishi et al., 2009 ), IFN-g brought to these regions by early T cell emigrants probably amplifies the recruitment signal through the induction of CXCL9 and more CXCL10. Because Cxcr3 is a direct transcriptional target of T-bet (Tbx21), it is likely that our findings extend to cell fate decisions between effector and memory differentiation. Recently, CD4 + T cells lacking T-bet have been described to preferentially differentiate into memory cells (Marshall et al., 2011; Pepper et al., 2011) . Our study offers an explanation for these findings, suggesting that T-bet-dependent CXCR3 expression predisposes cells to become effector CD4 + Th1 cells, as opposed to memory cells. Similar observations have recently been made for CD8 + T cells where Cxcr3-deficient CD8 + T cells locate to different areas of the spleen and preferentially become memory cells over effectors (Hu et al., 2011; Kohlmeier et al., 2011; Kurachi et al., 2011) . Our findings thus demonstrate unique spatial requirements for CD4 + T cells during differentiation, which could have important implications in the design of potent Th1 cell-inducing vaccines.
Our results, as well as the tools used to obtain them, lay the foundation for future studies aimed at identifying other factors that regulate Th1 cell responses in dLNs and peripheral inflamed tissues and at assessing the importance of the CXCR3 chemokine system in T cell fate decisions. Indeed, the development of the REX3 Tg mouse should be a valuable tool for the analysis of productive immune responses against infectious pathogens and for the rational design and analysis of vaccines.
EXPERIMENTAL PROCEDURES
Mice C57BL/6 (BL/6), CD90.1, and OT-II mice were obtained from Jackson Laboratory. REX3 Tg mice in the C57BL/6 background were generated in our laboratory. All mice, including Cxcr3 À/À (Hancock et al., 2000) , Cxcl9 À/À (Park et al., 2002) , and Cxcl10 À/À (Dufour et al., 2002) mice in the C57BL/6 background were housed under specific-pathogen-free conditions. All infectious work was performed in designated BL2 + workspaces. 
